Understanding the dynamics of physiological process in the systems biology era requires approaches at the genome, transcriptome, proteome, and metabolome levels. In this context, metabolite flux experiments have been used in mapping metabolite pathways and analysing metabolic control. In the present review, sulphur metabolism was taken to illustrate current challenges of metabolic flux analyses. At the cellular level, restrictions in metabolite flux analyses originate from incomplete knowledge of the compartmentation network of metabolic pathways. Transport of metabolites through membranes is usually not considered in flux experiments but may be involved in controlling the whole pathway. Hence, steady-state and snapshot readings need to be expanded to time-course studies in combination with compartment-specific metabolite analyses. Because of species-specific differences, differences between tissues, and stress-related responses, the quantitative significance of different sulphur sinks has to be elucidated; this requires the development of methods for whole-sulphur metabolome approaches. Different cell types can contribute to metabolite fluxes to different extents at the tissue and organ level. Cell type-specific analyses are needed to characterize these contributions. Based on such approaches, metabolite flux analyses can be expanded to the wholeplant level by considering long-distance transport and, thus, the interaction of roots and the shoot in metabolite fluxes. However, whole-plant studies need detailed empirical and mathematical modelling that have to be validated by experimental analyses.
Introduction
Until few decades ago, it was generally accepted that metabolite levels provide reliable information on metabolic processes. This was questioned because, for example, decreases in metabolite levels can be caused by reduced synthesis, increased consumption, or both. On the other hand, changes in metabolite fluxes can occur without any changes in metabolite levels depending on the individual strength of metabolite sinks for growth, development, and defence reactions that are combined with a particular metabolite flux (Tattersall et al., 2001; Kristensen et al., 2005; Celton et al., 2012a, b) . This prevents meaningful mechanistic interpretation of changing metabolite levels. As a consequence, information on the flux of metabolites through particular pathways has been considered essential for understanding the dynamics of physiological processes, thereby introducing time as a central variable (Libourel and Shachar-Hill, 2008; Rohwer, 2012; Fernie and Morgan, 2013) . In the systems biology era, this approach can be combined with genomic, transcriptomic, and proteomic approaches. A recently published model of the cellular network combined information flow and material fluxes starting from the transcriptome via the proteome up to the metabolome level and asked for control interactions (Niklas et al., 2010) . More recently, Fernie and Morgan (2013) included time scales into a model for feedback control and Kruger and Ratcliffe (2012) pointed to the progress in knowledge of metabolic pathways starting from modelling up to flux analyses. Metabolite flux analyses proved to possess a pivotal role for a mechanistic understanding of metabolic processes (Libourel and Shachar-Hill, 2008; Niklas et al., 2010; Allen et al., 2009) . Different approaches to model metabolic pathways based on network stoichiometry, structural and kinetic modelling of metabolism, and metabolic flux analyses have been published (e.g. Hofmeyr and Rohwer, 2011; Rohwer, 2012; Morandini, 2013) . In addition, recently published reviews address metabolite flux and metabolic control analysis in detail (Libourel and Shachar-Hill, 2008; Sweetlove et al., 2008; Allen et al., 2009; Kruger and Ratcliffe, 2009; Morandini, 2009 Morandini, , 2013 Schryer et al., 2009; Niklas et al., 2010; Sweetlove and Ratcliffe, 2011; Gomes and Simões, 2012; O'Grady et al., 2012; Fernie and Morgan, 2013; Sweetlove and Fernie, 2013) . Metabolite control analyses based on metabolite flux analysis are used to identify pathway control, but this will not be discussed in the present review. Taking these reviews into account, the present report focuses on challenges of metabolite flux analysis at the cellular level, taking sulphur metabolism as an example. Sulphate uptake, compartmentation of sulphate, sulphate reduction and assimilation, sulphur transport processes, and the importance of different sulphur sinks are discussed.
Sulphur flux can be extended from the cellular to the tissue, organ, and whole-plant level. Challenges of metabolite flux analyses at the whole-plant level include the analysis of metabolite flow in the xylem and phloem. These processes may also interact with those parts of cellular metabolism that do not proceed in an isolated way but are connected to longdistance transport. Metabolite fluxes are subject to interactions and controls with cells of the same and different tissues, as well as different organs. In particular, root-to-shoot and shoot-to-root interactions and controls are strong determinants of cellular metabolism . Thus, fluxes of metabolites and the transport of signalling compounds at the whole-plant level must be considered in order to understand the processes of plant development and plant interactions with a changing environment. Whole-plant fluxes may be unidirectional, bidirectional, or cyclic, depending on the compound under study . Rootderived nutrients such as nitrogen, sulphur, and phosphorus Rennenberg and Herschbach, 2013) but also products of photosynthesis (Heizmann et al., 2001; Schnitzler et al., 2004) undergo internal cycling between roots and the shoot. Metabolite cycling is a highly efficient way to achieve swift availability of metabolites in cells and tissues distant to their sites of acquisition and production that are essential for timely responses of plants to a fluctuating environment. Experimental as well as empirical and mechanistic modelling approaches to quantify whole-plant metabolite fluxes have been reported but are still in their infancy (Epron et al., 2012; Hall and Minchin, 2013) . However, many of these approaches are restricted to the analysis of transport velocities rather than mass flow. The second part of the present review characterizes approaches to sulphur metabolism at the tissue, organ, and whole-plant level, and discusses their limitations, as well as progress and the integration of sulphur cycling at different levels.
Basic knowledge on metabolic flux analysis at the cellular level Metabolic flux analysis quantifies the in vivo flux through a given metabolic pathway at intracellular steady-state conditions (Gomes and Simões, 2012) compared with conditions that change from the steady state (Allen et al., 2009) due to, for example, environmental changes, genetic engineering, or development, and between species. Classic stoichiometric metabolic flux analysis can be applied to linear pathways but cannot provide reliable information on branched pathways, bidirectional pathways, and metabolic cycles (Gomes and Simões, 2012) . The pathways analysed in metabolite flux experiments can be very simple, but at the end, they are part of a complex cellular network. Thus, strong inputs from diverse bioinformatic network tools starting from genome annotation up to metabolic network modelling and development of flux maps are required (e.g. Klamt et al., 2003; Rios-Estepa and Lange, 2007; Rohwer, 2012; Pérès et al., 2013; YonekuraSakakibara et al., 2013; Wayman and Varner, 2013) .
Metabolite flux analyses are carried out with labelled compounds to follow the flow through a metabolic pathway including identification of unknown metabolites and reactions. Such an approach was first applied to plants in the pioneering work of Melvin Calvin. Here, application of [ 14 C] CO 2 resulted in the elucidation of the Calvin-Benson cycle (Calvin, 1962) . More recently, a metabolite flux approach by labelling established the ascorbate biosynthesis pathway (Wheeler et al., 1998) , and further examples are mentioned in Fernie and Morgan (2013) . These studies used radiolabelled compounds, but today a broader spectrum of methods and approaches are applicable to detect compounds. Nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS; either liquid chromatography MS or gas chromatography MS) are used in combination with metabolome-level analyses (e.g. Hasunuma et al., 2010; O'Grady et al., 2012; Kueger et al., 2012; Jordà et al., 2013) . A comprehensive approach resolving intracellular carbon flux from 13 CO 2 analyses with gas chromatography time-of-flight MS based on a time-dependent labelling pattern has also been published (Szecowka et al., 2013 ). Combinations of metabolome-level analyses with flux measurements are of increasing interest with regard to fluxome analyses of metabolic networks and have to be considered as complementary tools (Kruger and Ratcliffe, 2009) . Furthermore, dual labelling of metabolites with different isotopes is also a very promising method for metabolome-facilitated flux analyses (Feldberg et al., 2009 ). Dual-labelling approaches using different types of stable isotopes are applicable for carbon, nitrogen, and sulphur, but not for phosphorous, simply because stable phosphorous isotopes are missing. Although the stable isotope of sulphur, 34 S, can be used in isotope ratio MS (Tcherkez and Tea, 2013) , the use of this isotope in metabolic flux analysis has not been established so far. Furthermore, information on positional labelling of isotopomers can be analysed by tandem MS (Choi and Antoniewicz, 2011) or with NMR (Moseley et al., 2011) and will promote flux analyses in future studies.
Metabolic flux analyses use steady-state and dynamic labelling approaches (for reviews, see Ratcliffe and Shachar-Hill, 2006; Leighty and Antoniewicz, 2011; Kruger et al., 2012; Fernie and Morgan, 2013; Antoniewicz, 2013) . Here, only a brief summery is provided. Steady-state labelling needs a continuous supply of the labelled compound but does not refer to kinetic properties. Fluxes are determined after the system reaches the isotopic steady state. Thus, steady-state labelling is only applicable if the system can reach an isotopic and metabolic steady state during the experiment, and depends on the time of the experiment and whether growth and development changed over this time. This is critical for plants, because their tissues are usually not in the metabolic steady state for a sufficient duration to reach the isotopic steady state. In addition, it can take months until large molecules, in particular storage and structural compounds, reach an isotopic steady state. Irrespective of these problems, Kruger and co-workers (Kruger and Ratcliffe, 2009; Kruger et al., 2012) published strategies to apply steady-state labelling approaches in plants. Overall, steady-state labelling approaches are generally unable to provide insights into metabolic dynamics (Fernie and Morgan, 2013) .
In dynamic labelling approaches, an isotopic and metabolic steady state is not necessary. Metabolite fluxes are obtained from redistribution patterns of the label after a time series. By dynamic labelling, the flow of the label through the network can be determined and used to construct mechanistic models of the metabolic pathway of interest. However, dynamic labelling seems mostly applicable to small-scale networks with only a few possibilities for cyclic fluxes (Roscher et al., 2000) . A critical point comes into dynamic labelling approaches, as the label flows away from the entry point into branches of the network with different kinetic properties. Thus, Ratcliffe and Shachar-Hill (2006) stated that 'Dynamic labelling tends to be particularly suitable for flux analysis at the periphery of a metabolic network and, hence, for the analysis of secondary metabolism.' As dynamic labelling does not require an isotopic steady state, this approach was applied to plants in several studies (e.g. Leighty and Antoniewicz, 2011; Young et al., 2011; Chen et al., 2013) as a pulse-or continuous-labelling approach.
Steady-state as well as dynamic labelling approaches are relatively easy to handle for single-cell systems such as Escherichia coli cultures (Yuan et al., 2008) but are more complex for plant tissues. The complexity of plant tissues derives from both compartmentation inside cells (Heinig et al., 2013) and the presence of different cell types within a tissue (Niklas et al., 2010; O'Grady et al., 2012; Fernie and Morgan, 2013; Sweetlove and Fernie, 2013) . Focusing on plant organs, different cell types may contribute to a particular metabolic pathway in different ways, rendering metabolite flux analyses even more complex.
Sulphur flux at the cellular level considering compartmentation of sulphur metabolism
In the sulphate reduction and assimilation pathway, sulphate is reduced to sulphide and incorporated into cysteine (Cys) (Fig. 1) . Cys is used mainly in the synthesis of proteins but also for synthesizing other sulphur-containing primary metabolites such as methionine (Met), glutathione (GSH), sulphur-rich peptides, co-enzymes and co-factors, and secondary metabolites (Hassinen et al., 2011; Takahashi et al., 2011; Noctor et al., 2012; van der Weerden and Anderson, 2013) . The detailed annotation of enzymatic steps involved in sulphate reduction and assimilation into Cys, Met, and GSH are available, for example in the KEGG PATHWAY Database (http://www.genome.jp/kegg/pathway.html). The sulphate reduction and assimilation pathway and its control has been discussed in several reviews Kopriva and Rennenberg, 2004; Wirtz and Droux, 2005; Hawkesford and De Kok, 2006; Wirtz and Hell, 2006; Kopriva, 2006; Takahashi et al., 2011; Birke et al., 2012b; Romero et al., 2014) . The present review focuses on sulphur flux through this pathway and the significance of different cellular compartments for this flux.
The uptake of extracellular sulphate into the cytosol of plant cells is mediated by several sulphate transporters (SULTR) (Hawkesford and De Kok, 2006; Davidian and Kopriva, 2010; Dürr et al., 2010) . In the cytosol, branching points for the flux of sulphur have to be considered (Kopriva, 2006) . Sulphate can be incorporated into at least three different pools after entering the cytosol: (i) as-yet-unknown channels or carriers can transport sulphate into the vacuole for storage; (ii) sulphate can be transported into the plastids where it is reduced to sulphide; and (iii) sulphate can be used in the cytosol in sulphation reactions. For this purpose, adenosine 5′-phosphosulphate (APS) synthesized by cytosolic and/or plastidic ATP sulphurylase (ATPS) (Rotte and Leustek, 2000; Kopriva, 2006) is further phosphorylated by APS kinases to 3′-phosphoadenosine 5′-phosphosulphate (PAPS) (Mugford et al., 2009) , the sulphate donor for sulphation reactions via sulphotransferases Klein and Papenbrock, 2004) . As PAPS synthesized in plastids seems to be highly important for the glucosinolate synthesis in Arabidopsis (Mugford et al., 2009) , PAPS must be transported out of plastids for sulphation reactions via sulphotransferases in glucosinolate synthesis, which are localized in the cytosol (Klein et al., 2006) . Extracellular sulphate, but also sulphate released from the vacuole, clearly influences the sulphate pool in the cytosol (Takahashi et al., 2011) . This additional source of cytosolic sulphate increases the complexity of sulphur flux analysis, because labelled sulphate taken up into the cell can be diluted in the cytosol by unknown amounts of unlabelled sulphate from the vacuole. From the cytosol, the flux of labelled sulphate will proceed into different pools of different branches of the sulphur metabolism that are likely to interact with each other. Thus, the unknown size and specific labelling of the cytosolic sulphate pool and its dynamics constitute a significant restriction for metabolic flux analyses.
Sulphate reduction in higher plants takes place exclusively in plastids starting with the activation of sulphate via a cytosolic or plastidic ATPS ( Fig. 1) (Hatzfeld et al., 2000) . Therefore, sulphate or APS produced by ATPS must enter the plastids. Recently, it has been shown that SULTR3;1 is important for the sulphate influx into plastids, but other SULTRs of the group 3 also seem to contribute (Cao et al., 2013) . The size of the plastidic sulphate pool has been described in the millimolar range (Schröppel-Meier and Kaiser, 1988) down to non-existant (Krueger et al., 2009) . Since the MichaelisMenten constant for cytosolic ATPS in spinach was 0.87 mM while the K m of the plastidic form was 0.25 mM (Renosto et al., 1993) , lower sulphate concentrations in plastids compared with the cytosol may be assumed. However, the actual pool size of sulphate available for ATPS in plastids is still unknown: a further limitation for sulphur flux analyses. APS is reduced via APS reductase (APR) to sulphite using GSH as the electron donor (Martin et al., 2005) . Sulphite is further reduced to sulphide by sulphite reductase (SiR) with ferredoxin as the electron donor (Akashi et al., 1999) . Both enzymes, APR and SiR, are localized exclusively in plastids (Patron et al., 2008) . Hence, sulphur from external sulphate must enter the chloroplast in sufficient amounts to facilitate Cys synthesis. More detailed knowledge about the specific labelling of the sulphate and the APS pool in the cytosol and plastids will be a great challenge but an important issue to improve sulphur flux analyses.
Cys synthesis requires the activity of two enzymes: serine acetyltransferase (SAT), which synthesizes the Cys precursor O-acetylserine (OAS), and O-acetylserine (thiol) lyase (OASTL), which exchanges the acetate of OAS for sulphide. Both enzymes are localized in mitochondria, plastids, and the cytosol (Jost et al., 2000; Kawashima et al., 2005; Wirtz and Hell, 2006; Haas et al., 2008) . The compartment in which the majority of Cys is produced is still a matter of debate (Haas et al., 2008; Krueger et al., 2009; Birke et al., 2012a, b; Wirtz et al., 2012) . However, several pieces of evidence indicate that sulphide, OAS, and Cys cross membranes of both plastids and mitochondria: (i) although OAS can be synthesized in the cytosol and in plastids, mitochondrial OAS synthesis seems to be of the highest significant (Haas et al., 2008; Krueger et al., 2009; Wirtz et al., 2012) ; (ii) despite some OAS synthesis by free SATs (Berkowitz et al., 2002) , OAS is synthesized predominantly by SAT if both SAT and OASTL form the cysteine synthase complex, and thus, formation of the cysteine synthase complex in the mitochondria seems crucial to control Cys synthesis via OAS formation by mitochondrial SAT (Haas et al., 2008; Krueger et al., 2009; Wirtz et al., 2012) ; (iii) free OASTL in the cytosol and plastids is able to synthesize Cys using OAS produced in mitochondria ( 2012); (vi) quadruple knockout mutants of SAT in which only one isoform remain functional are still able to live, indicating OAS transport over chloroplast and mitochondrial membranes (Watanabe et al., 2010); Krueger et al. (2009 Krueger et al. ( , 2010 showed that total SAT activity, as well as total Cys content in leaves and roots, are not affected in plastidic or cytosolic SAT T-DNA insertion mutants, and thus a lack of plastidic OAS production must be compensated by enhanced sulphide efflux from plastids or by enhanced OAS transport into plastids (Fig. 2) ; apparently, the low SAT activity in plastids of cytosolic SAT T-DNA insertion mutants mediates sufficient OAS synthesis; and (vi) Cys synthesis itself takes place in plastids, the cytosol, or mitochondria, but sulphide is formed only in plastids, and therefore, Cys synthesis in mitochondria and the cytosol requires sulphide movement through membranes via channels, carriers or by diffusive processes (Fig. 2) ; correspondingly, sulphide was found in the plastidic and cytosolic fraction after non-aqueous gradient centrifugation (Krueger et al., 2009) . Although sulphide will immediately react with thiol groups of membrane proteins at cellular pH values, around 20-30% of the sulphide exist as H 2 S, which is thought to be membrane permeable (Mathai et al., 2009; Cuevasanta et al., 2012) . Hydrosulphide ion channels that recently have been identified in the bacterium Clostridium difficile (Czyzewski and Wang, 2012) may also support movement of sulphide via membranes. Nevertheless, sulphide in the mitochondrial matrix will have toxic effects on respiration, because of its inhibitory effect on cytochrome c oxidase. This effect may be prevented by the immediate use of sulphide in mitochondrial Cys synthesis (discussed by Krueger et al., 2009; Birke et al., 2012b) . Also detoxification of sulphide in mitochondria via an as-yet-unknown enzyme different from OASTL can be considered as an additional sulphide sink (Birke et al., 2012a) . The complex interaction in Cys synthesis between the cytosol, mitochondria, and plastids, combined with different pool sizes of Cys precursors in cellular compartments, strongly complicates the sulphur metabolic network. In the end, Cys homeostasis will depend not only on Cys synthesis and consumption by anabolic processes but also on Cys degradation, such as by l-cysteine desulfhydrase activity (Álvarez et al., 2010) . Moreover, pH-dependent Cys transport mechanisms into mitochondria were recently described and suggested as additional controlling steps of cellular Cys biosynthesis (Lee et al., 2014) .
Further complexity for sulphur flux analysis comes from the back reaction of sulphite to sulphate catalysed by sulphite Fig. 2 . Compartmentation of the sulphate assimilation pathway. The main sulphate reduction pathway and assimilation up to Cys is printed in black, while side branches are presented in grey. Enzymes of the main pathway are illustrated in blue and those of side branches in pink. Transport processes over membranes are indicated with magenta arrows, while expected proteins involved are given by open ovals. The light pink colour is used for side branches. SULTR, sulphate transporter; APS, adenosine 5′-phosphosulphate; PAPS, 3′-phosphoadenosine 5′-phosphosulphate; Cys, cysteine; Ser, serine; OAS, O-acetylserine; γ-EC, γ-glutamylcysteine; GSH, reduced glutathione; ATPS, ATP sulphurylase; APR, APS reductase; SO, sulphite oxidase; SOT, sulphotransferases; SiR, sulphite reductase; OASTL, O-acetylserine (thiol) lyase; DES, cysteine desulfhydrase; SAT, serine acetyltransferase; γ-ECS, γ-EC synthetase; GSHS, glutathione synthetase.
oxidase (SO) in peroxisomes (Hänsch et al., 2006) . This process requires additional membrane transport processes (Fig. 2) , since the metabolites involved, sulphate and sulphite, must pass the inner and outer plastidic envelope and the peroxisome membrane. Sulphite oxidized by SO originates from internal production in plastids by APR or from sulphite produced in aqueous solution upon SO 2 exposure. SO 2 fumigation experiments showed that the APR and SO are co-regulated in Arabidopsis (Lang et al., 2007; Brychkova et al., 2012 Brychkova et al., , 2013 Hamisch et al., 2012; Randewig et al., 2012) keeping sulphite below a species-specific threshold of toxicity (Randewig et al., 2014) . Due to the back reaction of sulphite to sulphate, sulphur flux into Cys may be underestimated in plants exposed to atmospheric SO 2 . In addition, the significance of sulphate produced in peroxisomes in controlling the pool size of sulphate in other cellular compartments is currently unknown. Furthermore, SiR-defective mutants revealed higher sensitivity to SO 2 , whereas SiR-overexpressing plants showed higher resistance. Apparently, SO and SiR are complementary enzymes keeping sulphite below the species-specific toxic sulphite level Yarmolinsky et al., 2013) .
As Cys is the precursor of all further sulphide-containing compounds (Bergmann and Rennenberg, 1993; Amir, 2010; Takahashi et al., 2011) , withdrawal of Cys from the cytosolic, plastidic, and/or mitochondrial pools must be taken into account for sulphur flux analyses. Beside protein synthesis, GSH is thought to be the main product of Cys consumption (Vauclare et al., 2002; Heeg et al., 2008; Scheerer et al., 2010) . This tripeptide is not only involved in numerous redox reactions but is also a quantitatively important storage and long-distance transport form of reduced sulphur, and is thus transported out of cells . The first step in GSH synthesis that produces γ-Glu-Cys (γ-EC) is catalysed by γ-EC synthetase, which is localized exclusively in plastids of Arabidopsis . This has recently been supported by a computational metabolic network reconstruction accounting for subcellular localization, i.e. compartmentation, of metabolites (Mintz-Oron et al., 2012) . It may therefore be assumed that the plastidic Cys pool is mainly used in this reaction. Taking transcript levels into account, Wachter et al. (2005) assumed that GSH synthesis occurred mostly in the cytosol, making the export of γ-EC out of plastids an essential step in this process. Complementation analysis of GSH1 (γ-EC synthetase) and GSH2 (GSH synthetase) Arabidopsis mutants indicated that both γ-EC and GSH can efficiently exchange between plastids and the cytosol (Lim et al., 2014) . However, this has not been corroborated by flux analyses. Furthermore, GSH may be replaced partially by homoglutathione in legumes (Klapheck 1988; Yi et al., 2010) or by γ-Glu-Cys-Ser in Poaceae (Klapheck et al., 1992 (Klapheck et al., , 1994 in a species-specific manner. The significance of sulphur flux into these homologues versus the flux into GSH remains to be elucidated.
The bulk of Cys, i.e. more than 95%, was found in the cytosolic fraction, but only approximately 30% of the total GSH (Krueger et al., 2009) . Considering the differences in volumes of the cytosol and plastids, similar concentrations for GSH of 3.5 and 3.2 mM, respectively, were calculated (Krueger et al.,   2009 ). In poplar leaves, the estimated cytosolic GSH concentration was 10 times lower, whereas a comparable plastidic GSH concentration was calculated (Hartmann et al., 2003) . The latter study indicates a strong GSH gradient between the cytosol and plastids, which can be achieved either by GSH import from the cytosol or from internal GSH synthesis in plastids. Although the distribution of GSH among different compartments, i.e. the cytosol, mitochondria, chloroplast and the nucleus, has been investigated (Zechmann et al., 2006 (Zechmann et al., , 2008 Krueger et al., 2009; Diaz Vivancos et al., 2010a, b) , an adequate pattern is still missing.
Met synthesis is another important pathway that withdraws Cys from the cytosolic, the plastidic, and/or the mitochondrial pool. Both, Cys and Met are essential for protein synthesis in the cytosol. Met is synthesized in plastids from Asp and can be recycled from S-methylmethionine (SMM) in the cytosol (Wirtz and Droux, 2005) . Thus, a strong control and adjustment between cytosolic and plastidic Met concentrations has to be expected. Hence, the Met metabolism, including the SMM cycle and DNA methylation, is complex and strictly regulated (Amir, 2010; Sauter et al., 2013) . Thus, sulphur flux is also determined by the sink strength of Met synthesis, the turnover of S-adenosylmethionine for polyamine and ethylene synthesis, and by the use of Met in protein synthesis. Met metabolism itself is influenced by the availability of its precursor aspartate and/or by the amino acids threonine, isoleucine, and lysine, which are synthesized from the same pathway by branching points (Hacham et al., 2007; Joshi et al., 2010) . Met and Cys use in protein synthesis depends not only on the developmental stage of the tissue but also on tissue type. For example, an increased sink strength for Met is observed in storage tissues of seeds (Amir et al., 2012; Galili and Amir, 2013) but may also be important in bark and wood tissues of trees during autumn, since Met is a constituent of vegetative storage proteins. Even after short-term pulses of [ 35 S]sulphate, considerable amounts of 35 S radiolabel were found in proteins and Met but also in other sulphur-containing compounds not further specified (Schupp et al., 1992; Schneider et al., 1994; Rennenberg, 1995, 1996; Blaschke et al., 1996; Hartmann et al., 2000; Mugford et al., 2011) . Hence, current sulphur flux analyses ending up with GSH and protein as 35 S sinks clearly ignore additional sulphur sinks.
These sulphur sinks include secondary metabolites synthesized from Cys such as: (i) glucosinolates in Brassicaceae (Huseby et al., 2013) ; (ii) alliins in Amaryllidaceae; (iii) stress-related sulphur compounds like phytochelatins, metallothioneins, and other defence-related compounds Ernst et al., 2008; Rennenberg and Herschbach, 2012; Leszczyszyn et al., 2013) ; and (iv) co-factors and co-enzymes, such as coenzyme A and others (Wirtz and Droux, 2005) , as well as the molybdenum co-factor (Schwarz and Mendel, 2006; Mendel, 2013) . Quantitatively, the latter group of sulphur compounds may be of minor significance. Analysing sulphur flux into all these pools will be a great challenge, but will be important for understanding the sulphur metabolic network depending on developmental stage, tissue-specific differences and environmental factors.
In summary, the cellular flux of sulphur is characterized by a complex network of metabolic reactions and transport processes mediating the exchange of metabolites between at least five cellular compartments: the cytosol, the vacuole, the plastids, the peroxisomes, and the mitochondria. These exchange processes will certainly strongly influence the flux of sulphur but have not been accounted for in most sulphur flux analyses.
Examination of sulphur fluxes at the tissue and organ level
Plant organs such as roots, leaves, and flowers, are composed of different tissues, such as phloem, xylem, and epidermis, and are composed of different cell types. Analysing tissuespecific sulphur flux constitutes a first attempt towards a more integrated view on sulphur flux at the organ and subsequently the whole-plant level. Such an approach implies that different cell types contribute in a comparable way to the whole-tissue sulphur flux. However, this may be a strong simplification. For example, cell-specific differences within a tissue are crucial in carbon and sulphate assimilation of maize. Maize, a typical C 4 plant, separates the initial step of CO 2 fixation in mesophyll cells from glucose synthesis in bundlesheath cells. Such a separation in space was also found for sulphur assimilation and its incorporation into GSH. Whereas sulphate reduction and sulphur assimilation up to Cys take place in bundle-sheath cells, the subsequent use of Cys in synthesizing GSH takes place predominantly in mesophyll cells (Burgener et al., 1998) . These results were ascertained by flux measurements of isolated bundle-sheath cells. This is the only published example of sulphur flux analysis of separated cells of a tissue. However, nothing is known about the flux of Cys via the plasma membrane that might additionally restrict and control sulphur flux in different ways: first, by the abundance of efflux and/or influx transporters and/or channels for Cys transport out of bundle-sheath cells and into mesophyll cells; secondly, by the demand for Cys in bundle-sheath cells; and thirdly, by the sink strength for Cys in the mesophyll cells that synthesizes further sulphur-containing compounds such as GSH and further metabolites. This example demonstrates separation of metabolic processes among different cell types. Hence, analysing sulphur flux in a whole organ will not provide proper information on fluxes at the cellular level. Still, mostly whole leaf or root and thus whole-organ analyses are applied to measure metabolite fluxes. Analyses of separated cells after laser microdissection could be a solution to overcome this restriction. However, to date, the application of laser microdissection to plant tissues leaves several problems such as metabolite disturbances, fixation of metabolites, prevention of further metabolization, and lateral adjustment unresolved. A computational-based approach to reconstruct the metabolic network from the genome has been developed (Mintz-Oron et al., 2012) . This work starts at the cellular compartment and ends at the organ level but omits the tissue level (Note that the authors spoke about tissues although they were describing organs, which contain different tissues; for example, roots consist of several tissues such as xylem, phloem, endodermis, cortex, and epidermis). Thus, this computational-based metabolic reconstruction approach ignored tissue-specific differences as described for bundle-sheath cells of the C 4 plant Zea mays. Nevertheless, this computational approach is an important approach to predict localization of the sulphur metabolism subnetwork and will be useful in whole-plant flux analyses.
Recent studies on the distribution of glucosinolates within plants revealed a high significance of long-distance transport processes in both xylem and phloem for the proportional distribution of different groups of glucosinolates among different organs. Furthermore, a correlation between organ concentrations and long-distance transport of these sulphurcontaining defence compounds was found Nour-Eldin and Halkier, 2013) . These studies nicely show that organ glucosinolate concentrations can increase at the source site and decrease at the sink site, if long-distance transport is disturbed by genetic engineering. Apparently, the flux of sulphur into glucosinolates is not downregulated when its export is reduced at the source site. Still, glucosinolate accumulation at the source site is surprising, since glucosinolate biosynthesis is under feedback control at the cellular level (Grubb and Abel, 2006) . Apparently, such feedback control is lacking for glucosinolate biosynthesis at the organ level. However, these observations cannot be generalized, since feedback regulation at the organ level may be effective for other metabolites and may reduce the flux into a particular metabolite, thereby preventing accumulation at the source site, when long-distance transport is disturbed.
Principles of the sulphur fluxes at the whole-plant level
Sulphur metabolite flux at the whole-plant level is determined by a set of complex mechanisms including: (i) xylem and phloem loading and unloading; (ii) xylem and phloem transport rates and thus mass flow; (iii) bidirectional xylem-tophloem exchange along the transport path, as well as in leaves and roots; and (iv) metabolic conversion of intermediates in leaves, roots, and trunk tissues as well as storage and mobilization coupled to source and sink strength changes . It is important to distinguish between simple sulphur mass flow in the xylem and phloem and sulphur net flux during remobilization and seed/grain filling from sulphur flux that includes metabolization during sulphur cycling. Wholeplant sulphur cycling starts at the cellular sulphur flux, which will continue at the tissue level. The tissue sulphur flux, however, is part of sulphur cycling at the organ level, and at the end, sulphur cycling within and between organs is integrated in whole-plant sulphur cycling (Fig. 3) . As carbon, nitrogen, and sulphur cycling in plants always include the possibility of metabolization, sulphur flux at the whole-plant level is complex and requires detailed metabolite analyses, rather than simple elemental net flux analyses. Sulphur net flux analyses have been performed with 34 S as a tracer by analysing the 34 S partitioning in different plant organs of oilseed (Abdallah et al., 2010; Dubousset et al., 2010) . Therefore, [
34 S]sulphate was supplied with the nutrient solution for different pulses, i.e. time periods, during plant development. The 34 S partitioning was then analysed after different chase periods, i.e. different time periods after the end of the pulse. By this way Abdallah et al., (2010) developed a model for sulphur remobilization during vegetative growth and Dubousset et al., (2010) for the importance of sulphur remobilization during seed filling. As 34 S partitioning was determined days or weeks after the 34 S pulse, the developed sulphur flux models combined several physiological processes including further plant development and omitted detailed metabolite flux analyses at the cellular, tissue, and organ level. Thus, these investigations present only net and not gross sulphur fluxes. Studies with cereals include separation of soluble and insoluble sulphur compounds after [
35 S]sulphate application (Anderson 2005) . Moreover, the developed model of sulphur remobilization includes sulphate partitioning (Fitzgerald et al., 1999) . Although these studies allow insight into the usage of different sulphur pools for remobilization processes, they also omit detailed metabolite fluxes analyses at the cellular, tissue, and organ levels over time.
Quantification of whole-plant metabolite fluxes has been approached mostly in pulse-labelling experiments, similar to cellular metabolite flux analyses (e.g. Epron et al., 2012) . However, most of the experimental approaches used do not allow disentangling of the mechanisms mentioned above. For example, when leaves are exposed to a pulse of labelled CO 2 and labelling of the rhizosphere is determined, this will not provide a proper estimate of carbon flux from the leaves to the roots in terms of both transport velocity and mass flow. This is because carbon reallocated from roots to the shoot contributes to the carbon budget of the shoot (Heizmann et al., 2001; Mayrhofer et al., 2004) . In the case of a wholeplant approach in sulphur flux, leaves were exposed to a pulse of [ 35 (Schupp et al., 1992; Schneider et al., 1994; Rennenberg, 1995, 1996; Blaschke et al., 1996; Hartmann et al., 2000; Herschbach et al., 2010) . The specific labelling of metabolites was analysed apical and basal to the fed leaf in tissues, as well as in phloem exudates. Although different chase periods were studied, flux rates were not determined due to experimental restrictions. Transport velocity in the phloem will be underestimated when metabolic processes in the leaves hold back newly synthesized metabolites and/or low sink strength impairs phloem unloading. The differences in transport velocity along the phloem transport path cannot be identified in such a system. Additional restricting factors are the unknown rates of metabolite exchange between phloem and xylem. Investigation with pea plants genetically manipulated in phloem loading of SMM (Tan et al., 2010) showed that enhanced SMM contents in the phloem influenced wholeplant sulphur nutrition. Increased SULTR and APR expression in roots as well as higher SMM contents combined with decreased APR expression in leaves were observed. As higher xylem sap SMM contents were also found, increased SMM synthesis in roots combined with higher xylem loading has been proposed. Furthermore, an overall change in seed sulphur, nitrogen, and protein composition was found in the mutant (Tan et al., 2010) . This study impressively showed that the whole-plant metabolic network adapts to changes in phloem loading.
Empirical modelling of whole-plant nutrient fluxes has largely been restricted to castor bean (Ricinus communis), because this species allows easy collection of phloem sap subsequent to incision (Peuke, 2010) . Empirical modelling of steady-state whole-plant nutrient fluxes in some other species has been reported for sulphur and nitrogen using a mass-balance approach (Kruse et al., 2002 (Kruse et al., , 2003 (Kruse et al., , 2007 . This approach is based on the concept of whole-plant nutrient cycling , and distinguishes between oxidized and reduced nutrients but not between individual reduced metabolites. The accumulation of oxidized and reduced sulphur or nitrogen is determined in this system over Fig. 3 . Model of whole-plant sulphur flux. Sulphur fluxes (pink arrow circles) at the organ level (middle, large pink circle) include cellular (left) and tissue sulphur fluxes (middle, small pink arrow circle), as well as metabolization (not indicated). The whole-plant sulphur flux is indicated by blue arrows (right) according to Herschbach et al. (2012) and combines cellular, tissue, and organ sulphur cycling (right, small pink arrow circles). The whole-plant sulphur flux is connected to the environment, i.e. to the atmosphere (light blue), the pedosphere (yellow), and the biosphere (green).
time, and its partitioning between organs is quantified. The integrative water flux in the xylem is estimated as water loss from transpiration. The influx of sulphur or nitrogen into the roots, its flux by reduction in roots and shoot, and metabolite fluxes in the xylem are calculated from these measurements. Fluxes in the phloem are estimated as the difference between these fluxes. The major drawbacks of this approach are that: (i) some parameters measured are integrated over a particular time span (growth, water transport, nutrient accumulation) while others (metabolite concentrations in roots, shoot and xylem) are snapshots that are considered to be representative for the period under study without proof; (ii) xylem transport of water and nutrients is underestimated because xylem-tophloem exchange is not included; (iii) storage and mobilization occur along the long-distance transport paths, and hence unequal distributions of metabolites are not considered; (iv) differences in source-sink relationships in different shoot sections (e.g. those with mature and those with developing leaves) are not taken into account; (v) losses by root exudation and leaf volatilization (e.g. NH 3 ) are not included; and (vi) validation of estimated fluxes in the phloem are not performed. Thus, the mass-balance approach currently applied can only be considered a first approximation towards wholeplant fluxes that requires more detailed studies including more sophisticated experimental set-ups for both sulphur and nitrogen in future.
A mathematical model of steady-state-coupled phloemxylem flow has recently been reported (Hall and Minchin, 2013) . This model is based on the basic model of phloem flow established by Münch and the cohesion model of water flow in the xylem. It includes variation in phloem resistance at different solute concentrations and deviations in the osmotic potential from the Van't Hoff expression, as well as a local variation in xylem water potential and lateral water exchange along the transport paths. Thus, it allows calculation of the consequences of changes in xylem water flow on phloem transport and can describe interactions between multiple sources and sinks with xylem and phloem flow. However, validation of this mechanistic model with actual data has so far not been provided. Coupling with dynamic changes in root and shoot metabolite levels remains to be included. A number of plant growth models have recently been reviewed, and the authors called for a mechanistic modelling approach that considers feedback loops such as trade-offs and facilitation (Poorter et al., 2013) . Inclusion of source-sink interactions and hence modelling of metabolite fluxes was considered a first priority in this context in order to achieve an improved understanding of the inherent network of physiological traits as well as whole-plant responses to a changing environment. The steady-state-coupled phloem-xylem flow model reported (Hall and Minchin, 2013) is certainly an important step into this direction, but there is still a long way to go in order to move from whole-plant mass flow to metabolite flux modelling that includes metabolic conversion and exchange during long-distance transport. Grafahrend-Belau et al. (2013) emphasized: 'Given that many plant metabolic functions are based on interactions between different subcellular compartments, cell types, tissues, and organs, the reconstruction of organ-specific models and the integration of these models into interacting multiorgan and/or whole-plant models is a prerequisite to get insight into complex plant metabolic processes organized on a whole-plant scale (e.g. source-sink interactions)' and developed a multiscale metabolic modelling (MMM) approach. The MMM approach combined the dynamic whole-plant multiscale functional plant model with the static multi-organ flux balance approach. The latter is based on organ-specific metabolism of source leaf, stem storage parenchyma cells, and endosperm cells for organ-specific static flux balance models, which were integrated into a multi-organ flux balance approach. Therefore, a simplified root model and the phloem were introduced into the model to consider the exchange of metabolites, while the xylem is still missing. The dynamic whole-plant multiscale functional plant approach is based on the model ProNet-CN (Mueller et al., 2012) . By introducing time as a further variance, the MMM has been proved to represent diurnal and ontogenetic dynamics of barley for main processes of carbon and nitrogen metabolism (GrafahrendBelau et al., 2013) . This computational approach provides an opportunity to predict changes in metabolite contents for metabolic engineering approaches and net metabolite fluxes at the whole-plant level. However, most computational approaches at the whole-plant level have been aimed at modelling grain filling and fruit development for improving yield (see Dieuaide-Noubhani and Alonso, 2014) . However, further development of computational modelling approaches including directed metabolite and element fluxes from compartments, cells, and tissues up to organs and the whole plant are necessary for model validation and for estimating nutrient cycling within organs as well as xylem and phloem transport and exchange processes that adapt plant growth and development to a changing environment. The importance of sulphur metabolite cycling for the adaptation of plants to environmental changes besides grain yield and remobilization processes is evident from several split-root experiments (Lappartient and Touraine, 1996; Rouached et al., 2008; Hubberten et al., 2012; Gao et al., 2014) . These investigations strongly indicate that cycling of sulphur-related nutrients are important to control sulphur acquisition and strongly support the need for considering metabolite cycling for metabolite flux analyses at the whole-plant level.
Conclusions and future perspectives
Sulphur flux analyses have been applied to root cultures (Vauclare et al., 2002) , isolated roots , and to whole-plant systems (Koprivova et al., 2000; Kopriva et al., 2002; Mugford et al., 2011) analysing sulphur flux across different cell types. However, it must be assumed that different cell types with specialized functions contribute at different strength and importance to the tissue and organ sulphur flux. This problem can only be overcome, if individual cell types are separated from the tissue under study in a time-dependent manner after application of the labelled compound. To date, this seems to be problematic, because laser microdissection approaches for plants are time consuming and not well established. Interpretation of results of labelling experiments become even more restricted at the whole-plant level, because not only sulphur flux but also sulphur flow in the xylem and phloem, exchange of sulphur between these transport tissues, and storage and mobilization processes (Epron et al., 2012) need to be considered.
Sulphate reduction and assimilation is the beginning of sulphur metabolism, ending up in a number of secondary compounds. Current sulphur flux analyses have been restricted to the initial pathway of the sulphur metabolism, i.e. sulphate uptake, reduction, and assimilation, and have analysed 35 S flux into Cys, GSH, and proteins (Burgener et al., 1998; Koprivova et al., 2000; Kopriva et al., 2002; Vauclare et al., 2002; Haas et al., 2008; Heeg et al., 2008; Khan et al., 2010; Scheerer et al., 2010) . Only a few studies have considered the sulphur flux into additional sulphur-containing compounds, e.g. Met and secondary compounds such as glucosinolates (Mugford et al., 2011; Huseby et al., 2013) . Such restrictions can cause misinterpretation, as nicely shown by Vauclare et al. (2002) and Mugford et al. (2011) . Vauclare and coworkers found that termination of sulphate flux analyses either at GSH or Cys leads to a shift of the flux control coefficient for APR from 0.92 to 0.57, while Mugford et al. (2011) showed that changes in sink strength of glucosinolates due to reduced APS kinase activity increased sulphur flux to primary sulphur compounds.
Extension of sulphur flux analyses to the whole-sulphur metabolome needs the inclusion of as many sulphur compounds as possible and could then aim at sulphur network flux analyses in order to create a sulphur flux map (Blank and Ebert, 2013) . For this purpose, technical approaches beyond high-resolution plant metabolomics (Kueger et al., 2012) need to be established that include quantification of secondary sulphur compounds. As discussed by Ratcliffe and Shachar-Hill (2006) , only metabolic flux analyses of central pathways are suitable for steady-state labelling. Recent flux analyses performed as dynamic labelling experiments often do not include time series approaches (Vauclare et al., 2002; Scheerer et al., 2010) . In addition, the short sulphur metabolic pathway from external sulphate up to GSH and protein clearly demonstrates the limitation of the dynamic labelling approach, because of cycling and branching steps. Thus, steady-state labelling will be required for analysing the flux through the entire sulphur network. The benefit of this approach will be that reversible steps, cycling fluxes, and increasing complexity because of subcellular compartmentation can be taken into account (Ratcliffe and Shachar-Hill, 2006) . By using steady-state labelling, however, dynamics between compartments cannot be characterized. Application of pulse-chase experiments in dynamic labelling experiments may solve this problem. Specific activities of a label will first increase and then decrease depending on the chase period. Thus, dynamic labelling and steady-state labelling approaches possess both advantages and disadvantages, and their application clearly depends on the research question supposed to be answered. Finally, only the combination of steady-state and dynamic labelling will lead to a sulphur fluxom and a sulphur flux map.
Sulphur metabolism can be defined as a subnetwork of the entire metabolic network of plant cells. Classical metabolite flux analysis is based on the knowledge of pathway structures and stoichiometry (Libourel and Shachar-Hill, 2008) . Therefore, the metabolism of Cys, Met, and GSH published in the KEGG database (http://www.kegg.jp/kegg/pathway. html) may be a good starting point for future approaches. Automated network reconstruction and the development of genome-scale metabolic models based on genome annotation (Henry et al., 2010) should be applied to support development of the whole-sulphur metabolic network construction and to fill gaps.
Detailed knowledge of compartmentation has been developed for the sulphate reduction and assimilation pathway up to Cys and GSH but has also been proposed for the Met metabolism (Wirtz and Droux, 2005) . This is an important advantage of the structural and stoichiometric background of sulphur metabolism. However, knowledge about compartmentation of the whole-sulphur metabolic subnetwork is needed and has to be strengthened and expanded in future. In this context, transport processes over membranes mediated by transporters, carriers, and/or channels have not been considered so far. Since membrane-integrated proteins can control and change fluxes, it is strongly advisable to include the contribution of membrane transport processes in future flux analyses. This includes sulphate transporters as well as transporters of organic sulphur compounds, which partially have not been identified. Technical aspects that should be considered include separation of individual cells and thus different cell types from tissues and organs by laser microdissection and compartmentation analysis by gradient centrifugation (Klie et al., 2011; Krueger et al., 2011; Kueger et al., 2012) or by the isolation of organelles (Allen et al., 2009) combined with dual-labelling and MS analyses (Feldberg et al., 2009) .
A first snapshot of compartmentation of metabolite pools and enzyme activities with a focus on sulphur has been provided by Krueger et al. (2009) . These innovative analyses constitute the beginning of compartment-related sulphur flux analyses. For example, the authors showed that OAS and Cys are located mainly (more than 90%) in the cytosol, but OASTL activity was equally distributed between cytosolic and plastidic fractions. However, non-aqueous fractionation does not allow separation of mitochondria from the vacuolar and cytosolic fraction (Krueger et al., 2009) . Therefore, the development of new tools for more detained compartmentation studies is required to overcome such restrictions. Such experimental approaches could then validate computationalbased reconstruction approaches (Mintz-Oron et al., 2012) .
For flux analyses at the whole-plant level, it is essential to develop much more detailed empiric modelling approaches and to extend existing mathematical models beyond long-distance transport. One, still not complete, modelling approach has been reported by Grafahrend-Belau et al. (2013) . Validation of such models also required the development of new analytical approaches of whole-plant flux analyses. Improving current technologies for the dissection of different tissues may be an initial focus of such studies. Finally, an integrated approach is required that combines metabolite fluxes at different levels of complexity from cells via tissues and organs to the whole plant for the metabolic pathway under study. For this purpose, a metabolite flux-modelling platform has to be developed that has the potential to interconnect individual metabolite flux-modelling approaches.
